We introduce a novel photonic-assisted ultrabroadband radiofrequency arbitrary waveform generation setup capable of high-speed phase and amplitude modulation of the individual arbitrary waveforms. The waveform generator is based on an optical interferometer, within which a high-resolution optical pulse shaper and integrated optic phase and intensity modulators are placed, followed by frequency-to-time mapping. The phase and amplitude of each ultrabroadband waveform within the generated sequence can be continuously tuned by adjusting the driving voltages applied to the phase and intensity modulator pair, hence overcoming the slow update speed of conventional spatial light modulator-based pulse shapers. Moreover, this data modulation is completely independent from and does not interfere with RF waveform design. Programmable ultrabroadband RF sequences, spanning more than 4.7 octaves from 2 to 52 GHz, are modulated with real-time data in up to 16 level, M-ary phase-shift keying and quadrature amplitude modulation formats. 
Pepper, G. Aeppli, A. G. Davies, P. Dean, E. Linfield, and C. C. Renaud, "Coherent terahertz photonics," Opt. 
Introduction
Generation of programmable microwave and millimeter-wave (MMW) waveforms with bandwidths over tens of gigahertz has many potential applications, from ultrahigh-speed wireless communication to high resolution ranging and electromagnetic imaging [1] [2] [3] . Due to digital-to-analog convertor speed limitations, state-of-the art electronic RF-arbitrary waveform generators (RF-AWG) are currently incapable of high-frequency and wideband waveform generation beyond 20 GHz [4] . Photonic-assisted RF generation schemes, however, do not suffer from such restrictions and outperform electronics in terms of scaling to such high frequencies [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Among the many photonic-assisted RF generation techniques, photonic RF-AWG based on optical pulse shaping and frequency-to-time mapping (FTM) have been the most developed [6, 7, 12, 18, 19] . The main underlying component in all these schemes is an optical pulse shaper, usually based on liquid crystal spatial light modulators (SLMs), that shapes the spectral content of a short optical pulse. Although current pulse shapers are programmable in amplitude and phase, their update speed is relatively slow, making them incompatible with most practical data modulation rates. Thus, SLM-based RF-AWG techniques require some other means of restructuring in order to implement high-speed data modulation.
RF-photonic techniques have also been extensively utilized to enable high-speed and high-complexity data modulation for wireless communications, especially in the MMW and sub-terahertz frequency regimes [20] [21] [22] [23] . These systems typically modulate two or more appropriately-spaced optical carriers in order to implement complex data modulation on a single or several RF carriers at high frequency bands. However, the combination of highspeed data modulation and RF-arbitrary waveform generation has seen little attention. Enabling high-speed data modulation on the generated RF-AWG waveforms not only allows the possibility of high-speed data communications over ultrabroadband channels, but also offers potential for utilizing these programmable waveforms in applications such as longrange unambiguous radar and covert wireless communications with high coding gains in highly dispersive and multipath environments. As an example, our group has previously reported a technique that utilizes two optical pulse shapers and allows high-speed binary data modulation of photonic-assisted RF-AWG, with experimental demonstrations of their applications in highly-dispersive ultrabroadband RF channel sounding and high resolution RF ranging with extended non-ambiguous range [24] [25] [26] .
In this paper, we introduce a novel photonic RF-AWG setup capable of applying highspeed phase and amplitude modulation on the individual ultrabroadband RF arbitrary waveforms. The proposed setup is an extension of a recently-reported RF-AWG system based on an optical interferometer architecture, that is capable of generating programmable RF waveforms with high time-bandwidth product and widely tunable center frequency [19, 26] . This data modulation scheme is completely independent of the RF-AWG stage, allowing immediate incorporation of real-time data modulation on the generated RF waveforms. Experimentally, we report direct measurements of phase-and amplitude-modulated ultrabroadband waveform sequences with frequency content from ~2 GHz to ~52 GHz, spanning more than 4.7 octaves.
Radio-frequency arbitrary waveform generation principle
The schematic for our photonic-assisted RF-AWG configuration is depicted in Fig. 1 . The system consists of an ultrafast pulsed laser source, an optical interferometric subsystem, a quadratic dispersive element, and a high-speed photodetector (PD). In this design the optical interferometer has a dual utility. The bottom arm of the interferometer includes a highresolution optical pulse shaper and a variable optical delay line (VDL) to provide RFarbitrary waveform generation. The center frequency and the temporal profile of the generated RF waveforms are controlled by tuning the VDL and by modifying the pulse shaper transfer function, respectively, as explained in [19] . The top arm includes high-speed optical phase and intensity modulators (PM and IM), which are used to achieve programmable phase and amplitude modulation on individual RF waveforms within the generated sequence. Although similar results can be achieved using an optical in-phase/quadrature (I/Q) modulator, here we simply consider an IM and PM already available in our laboratory in series. Two independent electrical pattern streams, synchronized with the repetition rate of the optical source, are utilized to apply multilevel sequences to drive the optical modulators. Since at this stage the optical pulses are very short (less than a few hundred femtoseconds) and have not stretched through dispersive fiber, reasonable amounts of timing jitter (less than a few hundred picoseconds) in the electrical patterns driving the IM/PM pair should have little effect on the waveform generated.
According to the mathematical analysis provided in [19] , in the far-field limit [19, 27] , the passband generated RF waveform, v(t), has the following profile:
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where H(ω) = |H(ω)|H(ω) is the pulse shaper spectral transfer function, T is the pulsed laser repetition period, τ is the variable delay, ψ 2 is the value of dispersion and the A i 's and  i 's are individual elements of the amplitude/phase sequences encoded using the IM/PM pair. Additional baseband terms at the output of the PD are filtered using a high pass RF filter [19] . As observed from (1), v(t) is a sequence of phase-and amplitude-modulated programmable RF waveforms with the same repetition rate as the pulsed laser. The center frequency of these waveforms (f C ) is set by tuning the value of τ according to f C = |τ / 2πψ 2 |, while their temporal amplitude and phase profile is set by the pulse shaper's spectral amplitude and phase. Furthermore, the driving voltages to the modulator pair control the relative phase and amplitude of each individual waveform within the generated sequence, independent from the RF-AWG stage. That is, the design of the arbitrary waveform, its center frequency, and an overall complex digital data modulation are controlled independently. This feature allows the simple implementation of various complex data modulation sequences, by adjusting the signal patterns driving the modulator pair. It is important to note that the effect of the modulators only appears in the amplitude and phase modulation parameters, A i and  i , and does not modify the RF-AWG process.
In the following section we present experimental results demonstrating generation of ultrabroadband RF-arbitrary waveforms with frequency content up to ~52 GHz and spanning more than 4.7 octaves. We then overlay high-speed programmable data modulation, choosing as examples M-ary phase shift-keying (PSK) and quadrature amplitude modulation (QAM), in both cases with up to 16 levels (4 bits) per symbol. Although the center frequency and bandwidth of the generated RF waveforms can be easily scaled either to higher (with appropriate photodetection technology) or lower values, in this work we choose to show results that achieve the largest frequency content consistent with our available experimental equipment (photodetector and waveform digitizer). We have previously shown both mathematically [19] and experimentally [26] that the maximum achievable carrier frequency can be much higher (in principle more than several hundred gigahertz if an appropriate optical-to-electrical converter is available).
Experiments and results
In our experiments, we utilize a self-referenced mode-locked fiber laser (Menlo Systems FC1500-250-WG) with 250 MHz repetition rate and 15 dBm average power as the pulsed source. The pulses from this laser cover the full optical C-band (1525-1565 nm), which is also the operating range of our high-resolution optical pulse shaper (Finisar 1000SP) which features 1 GHz addressability and ~10 GHz resolution. The optical phase and intensity modulators each have a modulation bandwidth of ~10 GHz with a half-wave voltage of 2.9 V and 3.5 V at 1 GHz, respectively. The output pulses from the interferometric subsystem are stretched in ~6 km of single-mode fiber (SMF with total dispersion of ~100 ps/nm) and amplified (to ~10 dBm average power) in an erbium-doped fiber amplifier before beating on a high-speed photodetector (~52 GHz 3-dB bandwidth). The length of fiber is precisely chosen such that the generated RF arbitrary waveforms each span the available 4 ns time aperture, set by the repetition rate of the ML laser. Finally, the RF waveform is filtered with a 50 kHz high pass filter and measured on a 65 GHz real-time oscilloscope with 50Ω input impedance.
Ultrabroadband radio-frequency arbitrary waveform generation
First, we provide experimental results for the case where no modulation is applied, i.e.,  i = 0 and A i = 1 for all indices. Figure 2 illustrates a 60 ns-long measurement result for an ultrabroadband linear down-chirped RF waveform sequence, generated by applying a quadratic phase function in the pulse shaping stage, as well as compensating for the excess higher order dispersion of the SMF spool [19] . Each individual signal has a time duration of ~4 ns, while covering a 50 GHz 3-dB bandwidth from ~2 GHz to ~52 GHz, or equivalently ~4.7 octaves frequency span. Here, the average generated RF power is ~-0.45 dBm, which can be increased by amplifying more at the optical amplification stage and using a photodetector with higher optical power handling. The chirped pulses have a repetition rate of 250 MHz, equal to that of the ML laser. The spectrogram of a single 4ns-long waveform from Fig. 2(b) is calculated offline using a 200 ps Gaussian gate function and plotted in Fig. 2(c) , showing close-to-perfect linearity of the RF waveform's instantaneous frequency versus time.
In the next subsections we demonstrate sequences in which the ultrabroadband linear down-chirp waveform of Fig. 2 is repeated, now adding programmable phase and amplitude modulation synchronized to the waveform repetition period.
Programmable phase modulation
To demonstrate programmable phase modulation, the A i values are all set to 1 by biasing the IM at maximum transmission. Figure 3 shows the results of modulating a four-level drive signal to the PM in order to achieve 0°, 90°, 180° and 270° phase shift on the waveform of Fig. 2 . To provide a clear illustration of the phase modulation effect, this figure includes zoom-in views to two 0.3 ns-long frames of the generated waveforms. It is worth mentioning that through the use of a high-speed PM, we can arbitrarily set the relative phase of individual waveforms within the generated RF sequence, independently, as expected from the derivation in (1). This phase modulation capability allows us to implement various phase-shift keying (PSK) schemes on the generated programmable RF waveforms. Figure 4 shows the measurement result for a binary-PSK (BPSK) data modulation experiment using this scheme. In this experiment, the ultrabroadband linear down-chirps of Fig. 2 are randomly modulated at 250 MHz by a binary sequence of length 1000. A color-coded 60 ns window of the resultant 4 μs-long measurement is plotted in Fig. 4(a) , while Fig. 4(b) shows, within the same time range, the electrical data signal driving the optical phase modulator (normalized to the corresponding V π ). To clearly observe the 180° phase shifts between the generated antipodal BPSK signals, two individual anti-phase chirps are overlaid in the plot of Fig. 4(c) , alongside zoom-in views. To demonstrate higher order modulation, we also carried out various experiments for quadrature-PSK (QPSK) and 16-level PSK on the same ultrabroadband signal. In all experiments, we use a length 1000 M-ary data sequence to drive the PM. For example, QPSK is accomplished by applying 4-level data sequences to switch between the waveforms of Fig.  3 . It must be noted that from the application perspective, this preprogrammed sequence can be replaced by a real-time data sequence to be directly modulated, as different symbols, on the ultrabroadband signal. Also, such higher order modulation increases the communication data rate. Thus, our BPSK, QPSK and 16-PSK experiments have bit rates of 250 Mbps, 500 Mbps and 1 Gbps, respectively (1, 2, and 4 bit per symbol multiplied by the 250 MHz symbol rate).
To test the quality of ultrabroadband PSK modulation, we process the 4μs-long PSK sequence measurements to yield constellation plots, shown in Fig. 5 . Each data point in these plots is the result of offline decoding of the amplitude and phase of each 4ns-long chirp in the PSK sequence. The amplitude of each waveform is derived by computing the square root of its total energy and normalizing it by the average computed amplitude over all waveforms in the sequence. To obtain the phase, we first assign zero phase to a reference waveform from the sequence. Then, for each chirp, we run an iterative procedure to decode the phase. In each step, we apply a constant phase shift to the chirp in the Fourier domain. Then, the phaseshifted signal is cross-correlated with the reference in the time domain and the peak value of cross-correlation is stored. This process is continued with a phase step of 0.5° from 0° to 360°. Finally, the inverse of the phase shift value that provides the maximum crosscorrelation peak is assigned as the decoded phase of the each specific waveform. The constellation plot results indicate a high level of accuracy in phase shift keying modulation, with average error vector magnitudes (EVM [28] ) over all the symbols calculated to be 2.36%, 2.01% and 3.22%, for BPSK, QPSK and 16-PSK, respectively. The slight errors are attributed to limitations in PM drive signal quality, noise induced in the optical amplification and photodetection stages, as well as a contribution from the real-time oscilloscope. Also, the small timing jitter between the two fiber-optic interferometer arms, may contribute slightly to the phase error. We have shown in [19] that by implementing a feedback stabilizer system and piezo-electric fiber stretcher, this small amount of jitter can be even further suppressed to negligible values.
Programmable phase and amplitude modulation
Going beyond the phase-only modulation demonstrated in the previous section, the setup of Fig. 1 is capable of simultaneous phase and amplitude modulation. As an example the extra voltage applied to the modulator in order to reduce the transmitted power for certain symbols. In contrast to the phase modulation case, the IM drive signal requires equalization to compensate for the nonlinearity of conventional optical IMs. Alternatively, the IM/PM pair can be replaced with a linear I/Q modulator to obtain similar results without the requirement of an equalization stage [29] .
Similar to the previous section, we take a 4 μs-long 8-QAM measurement and perform offline demodulation in order to plot the 8-point signal constellation in Fig. 7(a) show that the quality of the phase-and amplitude-modulated waveforms remains similar to the quality of phase-only modulation results presented earlier. Also, increasing the number of constellation points in the modulated sequence does not seem to affect the phase and amplitude modulation quality and may potentially be extended beyond the 16 symbols shown. Clearly, however, signal-to-noise considerations will eventually limit the number of useful modulation levels.
Conclusion
We have introduced a novel photonic-assisted radio-frequency arbitrary waveform generation setup, capable of overlaying high-speed phase and amplitude modulation on repetitions of the generated RF arbitrary waveform. The data modulation in our technique is independent from the RF-AWG signal design stage, allowing simple compatibility with real-time data sequences. First, the setup is utilized to generate an ultrabroadband linear frequency-chirped RF waveform with a bandwidth of 50 GHz, spanning more than 4.7 octaves. Then, through the use of high-speed optical phase and intensity modulators embedded in our generation setup, phase-shift keying (BPSK, QPSK and 16-PSK) and quadrature amplitude modulation (8-QAM and 16-QAM) tests are carried out to illustrate high-precision data modulation at 250 Mbaud symbol rate and up to 4 bits per symbol. 
